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Abstract 
In Mezquital Valley, Central Mexico, wastewater has been used to irrigate crops since early 20th century. This 
practice has formed a stable shallow aquifer, which nowadays supplies water to the local population.  The aim of 
this work was to understand the water dynamics and the variation of water quality throughout the critical zone. The 
movement of irrigation water was followed, and major ions, nitrogen and carbamazepine were determined at 
different depths. The soil is functioning as a filter for pollutants, as concentration of the drug carbamazepine 
decreased by 97%. Ammonium-nitrogen was readily transformed into nitrate, part of which seems to be denitrified. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
 
The use of wastewater (WW) to irrigate agricultural land is a growing practice worldwide. For example, in the 
Mezquital Valley, Central Mexico, wastewater from Mexico City has been used to irrigate crops since the early 20th 
century. Currently, 40 m3/s of WW in average are supplied to that semiarid zone to produce alfalfa and maize.  WW 
irrigation of more than 90000 ha has transformed the Mezquital Valley into a productive agricultural area by adding 
surplus water and nutrient, but also many pollutants. After several decades of this practice a stable shallow aquifer 
has formed, which nowadays supplies water to  the local population (about 500 000 inhabitants).  
The poor quality of the irrigation water is markedly improved by its infiltration through the soil. The aim of this 
work was to understand the water dynamics and the variation of the water quality throughout the critical zone, i.e. 
from the land surface to the aquifer, from a landscape perspective. To achieve this, the vertical and horizontal 
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movement of irrigation water was followed through the soil, and major ions, nitrogen and the antiepileptic drug 
carbamazepine were determined at different depths as model pollutants.  
 
2. Materials and methods 
 
The study site is an extended volcanic piedmont at Tlahuelilpan, a village in the core of the Mezquital Valley. It has 
a convex shape and a moderate slope of 2-5°, which ranges in altitude from 2071 to 2040 m.a.s.l.; along the upper 
part of the piedmont the Tlamaco–Juandhó channel distributes the WW to the plots. Irrigation is carried out by 
overflow. 
We have studied this piedmont for the last five years; in this time lapse we have monitored seven irrigation events in 
different plots. We quantified the water in and out-flow and the changes in water quality as it infiltrates through the 
different layers of the soil sensu stricto, up to the water table of the aquifer. In each plot, soil solution samples were 
collected at different depths (0.1, 0.4 and 0.6 m) using porous suction cups (MacroRhizonMR) and glass suction 
cups (ecoTechMR). Observation wells (shallow piezometers) were installed at the contact between the soil sensu 
stricto and the volcaniclastic sediments that build the piedmont. This limit occurs between 0.6 and 2.5 m in the 
different plots. With these wells we monitored and sampled the lateral flow that forms during and short after 
irrigation.  Additionally two deeper piezometers were installed using a rotary drilling with a diameter of 4 1/2". One 
was installed at the top of the piedmont (P1, about 38 m depth), and the other at the bottom of the piedmont (P2, at 
24 m depth). During the drilling some in situ measurements were made and samples were collected for analysis. We 
also took samples from two pre-existing wells, one in the middle of the piedmont (W1, about 33 m depth); and one 
in the village of Tlahuelilpan (W2, about 22 m depth). We also sampled the Cerro Colorado spring, located in the 
lowest part of the study area. 
To determine the hydraulic gradient and the groundwater (GW) flow direction, leveling of the different points was 
performed by differential global positioning devices (Spectra Precision EPOCH 10). The piezometers and the two 
pre-existing wells in the study area were equipped with pressure transducers, which measure water levels every 
hour. The saturated hydraulic conductivity (Ks) of the surface soil horizon was measured in-situ with a Guelph 
permeameter. The Ks of the upper layer of the volcaniclastic sediments was determined by pumping tests performed 
in the observation wells1. To measure the horizontal Ks in the deep piezometers we performed slug tests2.  
The water samples collected at different sampling points were filtered in situ using 0.45 μm Millipore nylon 
membranes, stored at 4 °C and transported to the laboratory for immediate analysis of anions and cations by ion 
chromatography. Biotic degradation of the compound in both soil and sediment of the aquifer was determined by 
incubation under temperature and soil moisture content controlled conditions. Total nitrogen was determined using 
elemental analysis (Shimazu TOC-L analyzer), while the concentration of carbamazepine was quantified by gas 
chromatography in tandem with mass spectrometry. 
 
3. Results and discussion 
 
3.1 Piedmont Stratification 
The soils were classified as either haplic or vertic Phaeozems3. Soil depth varied from 0.3 to 1.2 m throughout the 
piedmont. These are swelling soils, with a clay content varying between 35 and 55%, the moisture content at field 
capacity is larger than 30% w/w and the total porosity is larger than 55% w/w. The soil organic carbon content 
varied between 2 and 3% at the different sampling sites. The intermediate unsaturated zone is formed by low-
permeability stratified volcaniclastic sediments (mudflows and other pyroclastic materials interlayered with 
colluvial and alluvial deposits). Eight strata were identified in the drillings of the deep piezometers, with clear 
differences in particle density, calcium carbonate content and penetrability (Fig. 1).  
 
3.2 Water dynamics 
In one irrigation event 200 mm of water are applied to a field, and each field receives around 13 irrigations per year. 
During each irrigation event, the upper 60 to 100 cm of the soil get saturated; then, water content decreases from 
saturation to field capacity two days later. The occurrence of lateral flow at the contact between the soil and the 
volcaniclastic sediments was confirmed by observation of a sudden interruption of the infiltration front caused by 
the low permeability of the solid material; which displayed a smaller Ks value than the soil (Fig. 1). Out of the total 
WW volume applied during irrigation, 60% was retained in the soil, 20% ran off the surface and 20% moved by  
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Fig. 1.  Stratification of the vadose zone   Fig. 4. Variation of the N/Cl relation with depth  
 
 
Fig. 2.  Location of groundwater monitoring sites and groundwater flow direction.  
 
Fig. 3. Carbamazepine concentration in WW, at different levels in the aquifer and in the Cerro Colorado spring  
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subsurface flow into deeper layers of the unsaturated zone. The GW flow direction was from West to East (Fig. 2) 
and the static level fluctuated during irrigation event between 22 and 30 m below ground within the study area. 
 
3.3. Solute concentration through the critical zone 
 
The GW flow direction shows that the water flows from the fields at the upper piedmont through the lower 
piedmont, into the valley and finally to the Cerro Colorado spring. Fig. 3 displays the average concentration of 
carbamazepine in WW, at different levels in the superficial aquifer and in the Cerro Colorado spring water. In the 
WW the concentration was 275 ng/L, and it decreased to 180 ng/L in one of the observation wells. The observed 
decrease in the average concentration of the pollutant can be attributed to its retention by the soil4. In the soil profile, 
the average concentration of carbamazepine varies from 14 μg/kg at the soil surface to 4 μg/kg at 100 cm depth. The 
average concentration of carbamazepine in the GW from W2 at Tlahuelilpan village, 1.5 km downstream from the 
observation well, decreased to 50 ng/L, and further to 7.2 ng/L in the Cerro Colorado spring. Similar to soil, the 
notable reduction of the carbamazepine concentration in the GW can be explained by its sorption onto the sediment 
of the aquifer. Biotic degradation of the compound in both soil and sediment of the aquifer was determined as 
negligible (0.006 and 0.0016 day-1 for soil and aquifer sediment, respectively). The adsorption, combined with a low 
biodegradation as well as a possible in-mixing of water of a better quality, explains the reduction of nearly 97% of 
the initial concentration of the pharmaceutical compound observed in the wastewater. 
In the WW all inorganic nitrogen is in form of NH4+ and concentrations of 30 mg/L in average were determined. 
The absence of oxygen in the WW (ORP near -50 mV) explains the absence of nitrate-nitrogen. Once the WW 
reaches the soil and starts to aerate, the dissolved oxygen concentration increases and NH4+ is oxidized into nitrate; 
this process occurs in the early hours after irrigation. As the soil gets saturated, nitrate concentration decreases, 
which is reversed as the infiltration front moves downwards and the soil is aerated again. Moreover, positively 
charged ammonium ion can be retained by cationic exchange on the negatively charged soil colloid surfaces. This 
scenario occurs in the different layers of the unsaturated zone, notably in those comprised by low permeability 
material that decreases the velocity of the infiltration front. In order to understand the variations in the nitrogen 
concentration, throughout the unsaturated zone, we used the chloride ion as a tracer. The N/Cl ratio showed the 
maximum value (0.65) in the irrigation water (Fig. 4). It decreased to average values between 0.01 and 0.23 through 
the first 50 cm of the soil profile, which is attributable to the variations in the oxygen content within the soil, 
resulting probably from the occurrence of alternating nitrification and denitrification. In water samples collected in 
observation wells, the N/Cl ratio slightly arises compared with the one observed in superficial soil. This might be 
explained by the mixture of matrix water with infiltrating water by preferential flow through soil cracks and 
biopores. In GW from the shallow aquifer (about 300 cm below the soil surface) the N/Cl ratio slightly decreases 
compared to those values observed in the superficial soil. This decrease in the nitrogen concentration in the water 
could be due to either in mixing of waters of better quality, or to denitrification, or a combination of both. 
 
4. Conclusions and recommendations 
 
The large volume of WW used for irrigation in the piedmont saturates the soil profile and deep infiltration of the 
excess water occurs, recharging the aquifer. The soil is functioning as a filter for organic pollutants such as 
carbamazepine, as it diminished the concentration of carbamazepine by 97%. Ammonium-nitrogen was readily 
transformed into nitrate, part of which seems to be denitrified. However some nitrate reaches the aquifer, where its 
concentrations are only little below the threshold for drinking water of 50 mg/L. As recommendation, particular 
attention has to be paid to preferential flow paths through cracks and biopores, which limit soil filtering, so that GW 
contamination will probably increase in the medium term, if the irrigation water quality does not improve. 
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